Abstract-In this paper, two compact planar substrate integrated waveguide (SIW) cavity-backed antennas are proposed for wireless local area network (WLAN) at 5.5 GHz and wireless body area network (WBAN) at 5.8 GHz. The miniaturization is achieved with the concept of quarter-modetopology, and the size of the cavity is reduced up to one-fourth of the circular SIW cavity. A L-shaped slot is etched on the top plane for miniaturization, and antenna-1 is realized which resonates at 5.5 GHz. A metal strip has been added in the middle section of the slot, and antenna-2 is realized, which resonates at 5.8 GHz. Both proposed antennas are tested in free space, while the performance of antenna-2 is investigated for on-body condition. In free space, the measured impedance bandwidths of the antenna are 160 MHz and 210 MHz at 5.5 GHz and 5.8 GHz, respectively. The radiation efficiency of the antenna is 89.4% in free space and 57% on phantom at 5.8 GHz. Both measured and simulated results are observed, and they are in a good agreement.
INTRODUCTION
Recently, the wireless body network has become a great area of research with the development of wearable gadget such as a smart watch, where body wearable antennas can be fixed in small space. These types of antennas can be embedded in electronic equipment to utilize for diagnosis, real-time health-monitoring and telemetry applications [1, 2] . The essential requirements of on-body antennas are compact size, low profile and low sensitivity to the surrounding medium. On-body antennas have been widely implemented with the conventional microstrip patch technology [3] . However, these antennas suffer from the problems of frequency detuning, deterioration in efficiency, gain and radiation pattern in the proximity to the human body due to poor isolation from the surrounding [4] . In [5] a wearable antenna is implemented with a high impedance surface to minimize the loading effect and SAR, but the layered type of structure limits its deployment in the integration of the planar structure. The antennas implemented with Substrate Integrated Waveguide (SIW) technology are capable to overcome problems of the conventional antennas.
The SIW technology has attracted a lot of attention from the researchers due to its ascribed features of low losses, moderate power handling capability, and good isolation from the adjoining medium [6] [7] [8] .
In the past decade, several microwave passive components have been developed in SIW technology by deploying its advantage of high-quality-factor [9, 10] . SIW is a closed cavity structure, which provides a high front-to-back ratio (FTBR), low losses due to suppression of surface waves as well as high isolation between the radiating part and surrounding medium [12] . SIW cavity offers the advantage of miniaturization by utilizing half-mode and quart-mode topology by maintaining similar cavity features. The cavity size can be reduced up to 50%, by utilizing half-mode substrate integrated waveguide (HMSIW). In HMSIW cavity one open edge acts as a dielectric aperture for radiation, while other edges are shielded by shorting vias. A few HMSIW based dual-band antennas are reported in [13] [14] [15] , which have good radiation characteristics. Further, the size can be reduced by 75% with the deployment of quarter-mode substrate integrated waveguide (QMSIW) [16, 17] , where two open edges are used as dielectric aperture ,and remaining one edge is shorted with vias. In addition, the size reduction in the cavity has been achieved with eight modes, where frequency has been tuned at different frequencies depending on the rotation of the CSRR slot [18] . However, the overall size of the reported antenna has not been reduced compared to the proposed antenna due to the deployment of microstrip feeding technique.
Recently, a few SIW based antennas have been implemented on textile material to acquire the conforming ability on different types of platforms [19] [20] [21] . However, the performance of the proposed antenna is robust compared to the aforementioned antennas because fully textile fabrication often suffers fabric compression, flexing, and moistening.
In this paper, two prototypes based on QMSIW antennas are designed, where antenna-1 is proposed for WLAN (5.44-5.60 GHz), 160 MHz and antenna-2 for WBAN (5.68-5.89 GHz, ISM band), 210 MHz applications. A quarter-mode topology has been implemented, to reduce the size of the antenna by 75% of the conventional circular cavity [15] . The proposed antenna has the advantages of more compact size than [15, 16] , due to the deployment of quarter-mode and coaxial feeding technique. It retains the cavity features of higher gain, better isolation than conventional patch antennas, and easy integration due to the planar structure.
ANTENNA DESIGN METHODOLOGY
The radius of circular SIW cavity is considered 'r', and its mode of operation is TM 010 . The equation to design circular SIW cavity is shown in Equation (1) [17] 
where c = velocity of light in free space; Bessel's function coefficient for the mode TM 010 is K mn = 2.404; μ r and ε r represent the relative permeability and permittivity of the substrate. For r = 13.8 mm, the resonant frequency of the FMSIW circular cavity for mode TM 010 is calculated of 6.5 GHz, shown in Fig. 2 . The evolution of design process from full-mode (FM) to quarter-mode (QM) is exhibited in Fig. 1 , and it is explained with the help of reflection coefficient plots in Fig. 2 . The mode symmetry is present along the perfect magnetic conductor (PMC) walls A-A and B-B , shown in Figs. 1(a), 1(b). The halfmode field distribution is achieved, when circular SIW cavity is bisected along the wall A-A [16] , and the resonant frequency shifts downward at 6.24 GHz [3] . It can be observed from Fig. 2 that bandwidth is enhanced in half-mode compared to full-mode cavity, due to an increasement in dielectric aperture area for radiations from open edge. Therefore, fringing field increases, and quality factor decreases, which leads to miniaturization and enhancement in the bandwidth [18] . Similarly, in the next step, when HMSIW cavity is bisected along the other PMC wall B-B , QM field distribution of TM 010 mode is achieved, and the resonant frequency shifts at 5.8 GHz. The magnitudes of absolute E-field distributions of the dominant-mode resonant frequency in full-mode, half-mode and quarter-mode of circular SIW cavity are depicted in Fig. 3 . In the next step for further miniaturization, an L-shaped slot of dimensions 0.2λ g × 0.14λ g is etched on the top plane of the cavity. After introducing the slot, resonant frequency of the cavity shifts downward at 5.5 GHz, and it is named as antenna-1. The slot consists of identical sides 'l slot ' parallel to the radiating edges. The slot is etched with the aim to offer miniaturization, and it offers radiation in the same phase of the dielectric apertures, hence the field distribution of TM 010 mode is not disturbed with the placement of slot. The slot adds series capacitance, which leads to shifting the operating frequency downward. In the next step, a metal strip is introduced in the middle section of slot which shifts the resonant frequency at 5.8 GHz, and it is named as antenna-2, shown in Fig. 4 . The metal strip provides a direct shorting path to the current from magnetic walls to electric walls, hence the effect of slot becomes insignificant.
The proposed antennas consist of top cladding and bottom cladding connected through shorting vias. The overall size of the proposed antenna is 0.52λ g × 0.52λ g for antenna-1 and 0.54λ g × 0.54λ g for antenna-2. λ g is the guiding wavelength at 5.5 GHz and 5.8 GHz, respectively) while conducting patch is 150 mm 2 , fabricated on RT Duroid 5880 of thickness 1.57 mm (ε r = 2.2 and loss tangent = 0.002). The cavity structure is shorted by vias from one side, and radiations take place from other open edges of the quarter-mode cavity. To avoid the leakage of energy from the side walls, SIW guidelines are taken into consideration, where d via = 1, S via = 1.8 are specified as per the conditions of Equation (2) 
The simulation studies of the proposed antennas are carried out using CST Microwave Studio Simulation Solver. A coaxial feeding technique is deployed mainly to achieve miniaturization. The coaxial feeding technique consists of less spurious radiation than microstrip feeding technique, which leads to high gain and good radiation characteristics. In order to design a coaxial feeding, a hole is drilled to short the inner copper pin of the diameter 'd in = 0.655 mm' to the patch. A circular slot of diameter 'd out = 2.05 mm' is etched on the ground plane to couple the electromagnetic energy to the cavity and to make characteristic impedance of 50 Ω. conjectured as that there is no impact of the slot on the resonant frequency, shown in Fig. 4(b) . This can be observed with the help of vector surface current distribution in Fig. 5 . The performance of the antenna-2 is similar to the conventional QMSIW cavity with an increase in a gain value by 1.5 dBi. The enhancement in the peak gain value of antenna-2 compared to QMSIW cavity due to additional radiation from the slot. A parametric study on the frequency by varying the length and width of the slot is illustrated in Fig. 6 . If the length of slot increases, the operating frequency shifts downward because the loading of series capacitance increases. However, impedance matching deteriorates, and bandwidth remains constant. The L-shaped slot is a non-resonant slot, which maintains radiation characteristics of the quarter-mode cavity. Similarly, if the width of the slot increases frequency shifts downward, and impedance matching also deteriorates, but variation in operating frequency is much more significant with slot width than slot length. Both fabricated prototypes of the antenna are shown in Fig. 7 . The antenna is fabricated through a copper etching process, and vias are shorted from top to bottom plane with the help of copper wires. A comparison detail of parameters for both the frequency bands is shown in Table 1 . 
ANTENNA PERFORMANCE FOR ON-BODY CONDITIONS
Antenna-2 has been investigated for on-body conditions at 5.8 GHz. To investigate on-body antenna performance, antenna-2 is simulated on a multi-layered human body equivalent phantom, and the properties of various tissues, fat, skin, muscle and bone, are specified in Table 2 . The measured reflection coefficient on the human arm slightly deviates from the simulation one, due to change in the dielectric properties of human arm tissues and body equivalent phantom. The impedance bandwidth and imposed return loss condition of |S 11 | < −10 dB is maintained the same in measured results. The simulated impedance bandwidth of the proposed antenna-2 on a phantom is 217 MHz (5.750-5.967 GHz). The measured impedance bandwidth, when antenna-2 is tested on the human arm, is 228 MHz (5.663-5.891 GHz), which shows a slight enhancement in bandwidth by 11 MHz from the simulated result. The proposed antenna covers the complete Industrial Scientific & Medical band (5.725-5.875 GHz) with 78 MHz extra margin. The proposed antenna shows enhancement in the bandwidth of 30 MHz in the proximity to the human arm compared to the free space due to the loading effect introduced by the lossy human tissues, shown in Fig. 9 .
Far-field radiation pattern plots are depicted in Fig. 10 at 5.5 GHz/5.8 GHz in free space and at 5.8 GHz on the phantom. The antenna radiation patterns at E-plane and H-plane are same because both open edges consist of the same length and perpendicular to each other. In the case of antenna-1, the maximum radiation is oriented towards φ = 3 • with the peak gain of 4.5 dBi in both of the planes. Similarly, in the case of antenna-2, the maximum radiation is oriented towards φ = 3 • with the peak gain of 4.88 dBi in both of the planes. The radiation pattern plots are similar at 5.5 GHz and 5.8 GHz because both resonant frequencies are possessed by the same mode TM 010 . In free space, the beamwidth is narrower than on-phantom at 5.85 GHz, which represents the degradation of the peak gain from 5.09 dBi to 3.55 dBi on-phantom. The phantom consists of layers of high permittivity tissues, which are responsible for generating back lobes. The simulated antenna efficiency decreases dramatically from 89.4% in free space to 57% on the phantom because the output power is observed by phantoms, and the radiations are converted into heat [1] . The performance of the proposed antenna is compared with previously existing antennas in Table 3 , and it can be observed that the proposed antennas have more compact size and comparable bandwidth compared to other prototypes. 
CONCLUSION
In this paper, two QMSIW antennas are proposed for WLAN and WBAN applications without and with the addition of metal strip in the middle position of an L-shaped slot. Both prototypes are tested in free space, and they show a close agreement. The performance of antenna-2 is tested on a human arm and found to be stable with respect to the phantom. The impedance bandwidth of the antenna is slightly increased in the proximity of the human arm compared to the free space, due to increase in losses. The proposed antenna maintains moderate efficiency and gain on the human arm in a very compact structure. The weakness of the proposed antenna is that it cannot be bent or crumpled since it is fabricated on a robust material. Hence it is suitable to use in medical equipment which directly comes in contact with the human body. The proposed antenna has the advantages of very compact size, low profile, single layer and unidirectional radiation pattern and shows all favorable conditions for off-body communication in body area network.
